We explore the ability of the high luminosity LHC to test models which can explain the 750 GeV diphoton excess. We focus on a wide class of models where a 750 GeV singlet scalar couples to Standard Model gauge bosons and quarks, as well as dark matter. Including both gluon and photon fusion production mechanisms, we show that LHC searches in channels correlated with the diphoton signal will be able to probe wide classes of diphoton models with L ∼ 3000 fb −1 of data. Furthermore, models in which the scalar is a portal to the dark sector can be cornered with as little as L ∼ 30 fb −1 .
Introduction
Both ATLAS and CMS collaborations recently announced an excess in the diphoton spectrum around the invariant mass of m γγ ≈ 750 GeV. While the excess is not statistically significant to claim a discovery (ATLAS finds a local significance of 3.6σ [1, 2] and CMS one of 3.0σ [3, 4] ), it is certainly interesting to entertain the idea that the data points to the existence of a new particle.
If such particle is a singlet under the SM gauge group, it is inevitable that the diphoton excess will be correlated with signals in other channels involving gauge bosons (e.g. Zγ, ZZ, or W W ). It has been shown that an excess should appear at least in one of the beforementioned channels, regardless of the underlying model parameters [5, 6] . In the optimistic scenario where the 750 GeV diphoton excess remains as more data comes in, measurements of other final states which are correlated to the diphoton excess will hence become instrumental in both confirming the signal, as well as determining the properties of the new particle. In particular, not observing correlated signals in final states with Standard Model (SM) gauge bosons will have direct implications on many scenarios attempting to explain the excess.
The width of the diphoton excess offers additional crucial information about the nature of the possible new particle. The line-shape of the excess measured by ATLAS indicates a rather broad resonance with a width Γ tot 45 GeV, which is difficult to account for if it decays only into Standard Model (SM) particles. Large unobserved decay modes can point to interactions between the new resonance and dark matter, leading to collider signatures in channels with large missing energy, as well as signals in direct dark matter detection experiments via scattering off nuclei, and the measurements of galactic γ-ray fluxes [7] [8] [9] [10] .
In this paper we explore the reach of LHC run-2 searches for the diphoton resonance models. Leading order approximations for the production of s-channel resonances allow for the use of simple scaling rules to study the constraints of existing and future LHC results on the model parameter space. Specifying the features for the diphoton excess, such as the production mechanism and cross section, defines a hyper-surface in the multi-dimensional parameter space which can explain the excess. Our approach consists in constraining these surfaces further, by imposing collider bounds on correlated final states.
Using concrete examples, we demonstrate the most sensitive channels and relevant bounds, as well as the required integrated luminosity to rule out particular models explaining the diphoton excess. For concreteness, we assume throughout the paper that the resonance is a scalar singlet under the SM gauge group. Hence, its interactions with SM particles are captured at leading order by a set of dimension-5 operators suppressed by a new physics scale Λ [11] . We further assume that the new resonance does not mix with the SM Higgs boson, as existing and projected limits from Higgs coupling measurements set strong indirect constraints [12] .
We discuss three concrete benchmark scenarios, which serve to encompass a large class of 750 GeV diphoton resonance models. First, we study the "vanilla" scenario, in which a scalar singlet couples only to SM gauge bosons via dimension-5 effective interactions. Second, we consider a scenario in which decays of a 750 GeV scalar into an invisible sector (i.e. dark matter) accommodate the potentially large resonance width. Finally, we analyze a scenario in which the scalar is allowed to couple to SM quarks in addition to SM gauge bosons. For the purpose of studying future LHC limits on the three scenarios, we project existing 8 and 13 TeV limits on production of gauge boson, mono-jet, and tt final states at various luminosities. We outline the strategy we adopt and the simplified approach we employ to project limits for the LHC in Sec. 2. In Sec. 3 we present our main results, where we confront concrete diphoton scenarios with the existing LHC bounds and our estimated projections for the 13 TeV run. Finally, we briefly summarize our results and conclude in Sec. 4 . In Appendix A we provide more technical details about limit projection and in Appendix B we review the analytical forms used here for the calculation of the decay widths.
General strategy and LHC limits
We begin with a brief discussion of the possible production modes for the 750 GeV diphoton resonance. We limit our discussion to the case of a pure scalar, however most of the qualitative conclusions in our paper will hold in the case of a pseudo-scalar resonance as well. In the most general scenario, the onshell production cross section of the scalar resonance can be approximated by
where i, j are proton constituents (including photons), C ij are the dimensionless parton luminosity factors and σ ij are partonic cross sections. Limits from 8 TeV LHC disfavor production via light quarks [11, 13] and we will hence limit ourselves to scenarios in which the new scalar particle is produced via either gluon fusion (gg) or photon fusion (γγ) initial state. The photon fusion production mechanism deserves further discussion. Production of a scalar resonance compatible with the diphoton excess via photon fusion are studied in Refs. [14] [15] [16] [17] [18] . * However, it is important to note that many subtleties arise in considering the photon fusion channel. The cross section enhancement between 8 and 13 TeV center-ofmass energy at the LHC is subject to large uncertainties and can vary between a factor 2 and 4 [15, 16] . Hence, pure photon production is possibly already in tension with 8 TeV data if the ratio is closer to 2. In addition, given the inclusive nature of the diphoton excess measurements in the ATLAS and CMS searches, it is also possible that vector boson fusion (VBF) channels with one or two additional reconstructed jets contribute to the overall production cross section. We estimated the VFB contributions with one or two additional jets for the models we consider in this paper. We found that VBF contributes at most ∼ 15% of the inclusive diphoton production cross section in the regions of the parameter space compatible with the observed diphoton excess. † We will thus neglect such VBF contributions in the following.
Continuing, within the narrow width approximation the diphoton cross section at leading order is simply
where we have factored out the dependence on S couplings to gluons and photons (c G and c γ ). σ γ,g are the photon and gluon initiated production cross sections respectively. Note that Br(S → γγ) is an implicit function of all of the theory parameters. Assuming a signal cross section σ * γγ , consistent with the observed excess, Eq. (2.1) can be solved for c * G as a function of the remaining parameters in a given model, hence defining a slice of the parameter space which can accommodate the excess. Note that in the limit of c γ → 0 the branching ratio into photons also vanishes, yielding no viable solution for c * G . Parameter space slices determined by σ * γγ can then be bound by searches in the complementary final state channels. ATLAS and CMS have recently published the first results from the LHC 13 TeV run, with an integrated luminosity of 3.2 fb −1 and 2.3 fb −1 respectively, which can be used to constrain existing models. Bounds from resonance searches involving gauge bosons final states are of particular relevance for constraining gauge invariant parameterizations of the diphoton models.
We present a summary of the bounds used in this paper in Table 1 . In the Zγ final state the 95% C.L. 8 TeV ATLAS upper bound on the production cross section times branching ratio [21] reads approximately 11 fb, whereas the bound from the equivalent search in Run 2 [22] yields ∼ 30 fb. While the data from Run 2 is not particularly useful to constrain these scenarios yet, it can nonetheless be used to estimate the reach of these searches for future luminosity. The idea is based on the assumption that, while being model dependent, quantities like cross sections, acceptances and efficiencies do not depend on the integrated luminosity. In the limit of a large number of events, one can obtain the expected 95% C.L. cross section bound at any target luminosity L by rescaling the 3.2 fb limit with the ratio of corresponding luminosities. Considering, for example, the Zγ case in We use the above luminosity-rescaling ansatz to obtain the majority of the projections considered in this paper. However, while luminosity rescaling provides conservative estimates in most cases, it does not always reproduce the most realistic expectations. As experience with the large number of search results produced during and after the 8 TeV run has shown, a statistical combination of the data obtained in searches sensitive to different final states often leads to a dramatic improvement in the bounds with respect to searches in single channels. For instance, a direct comparison of the expected 8 TeV bounds on the production cross section of a heavy scalar decaying to ZZ in the llll, ll(νν)qq, llνν, and a combination thereof [23] shows that the combined limit is at least a factor of two stronger than any of the individual bounds. ATLAS has published results for the 13 TeV ZZ resonance searches in the ννqq [33] and llqq [24] final states, but at this early stage the combination has not been published. It is reasonable to assume that the final combined limit will be also stronger than the one obtained in Refs. [33] or [24] . Hence, we will adopt the 13 TeV ZZ limit extrapolated from the ‡ We stress that the limits we obtain in this way are conservative. Data-driven methods can reduce systematic uncertainties when large data samples are available and dedicated reconstruction techniques [31, 32] . exploiting the increased center-of-mass energy at 13/14 TeV and different decay mode scan improve on the limits we extrapolate. combined 8 TeV LHC limit, using the procedure described in detail in Appendix A. We have verified that the procedure accurately reproduces the existing 13 TeV limits in the llqq and ννqq channels, leading us to conclude that our combined limit extrapolation is also accurate (see Appendix A for more details).
Limits on the resonant W W production both at 8 TeV and 13 TeV exist [25, 26] , and we adopt the observed limits on the 750 GeV resonance from both LHC runs.
The strongest observed ATLAS limits in the final state with at least one jet and large missing transverse momentum E miss T (hereafter MET+j) comes from inclusive search bins denominated SR7 (in the 8 TeV search [29] ) and IM5 (at 13 TeV [30] ), which are defined by E miss T > 500 GeV. The strongest expected limit at 13 TeV comes instead from the inclusive bin IM7 with E miss T > 700 GeV. Hence, for the purpose of extrapolating the limit to higher luminosities we use the expected limit at 13 TeV in the inclusive bin IM7.
Finally, current experimental searches for tt resonances at 13 TeV [28] have focused only on the boosted regime, with no publicly available result on searches for tt resonances in the resolved regime. Boosted top analyses are ill suited for efficient reconstruction of the tt final states with invariant mass of 1TeV (assuming the standard fat jet cone of radius R = 1.0), resulting in 13 TeV limits on a 750 GeV resonance which are far weaker than the extrapolated 8 TeV limits in the resolved jet analysis. For 13 TeV tt final state, we hence adopt an extrapolated limit from the resolved 8 TeV analysis, obtained with the techniques explained in Appendix A.
Diphoton resonance models
In order to illustrate the strategy we have discussed in the previous section, we consider a concrete set of models where the new resonance is represented by a singlet scalar coupled to the SM with dimension-five operators. Moreover, we also investigate the possibility that the new resonance plays the role of a portal to a dark sector. A wide class of diphoton resonance models can comprehensively be described by the interaction Lagrangian
where G µν , W µν , and B µν are the SU (3), SU (2), and U (1) field strength tensors, respectively, q indicates SM fermions (of mass m q ), and X is an invisible Dirac fermion which can play the role of dark matter. In the following we will independently study different subsets of this general class of models by switching on and off some of the couplings in Eq. (3.1). Note that we assumed that the new scalar resonance does not couple to the SM Higgs boson. The coupling to the Higgs is mainly constrained by the allowed size of the mixing angle, which is bounded by LHC Higgs coupling measurements to be O(10 − 20%) [12] . This already puts significant constraints on possible correlated signals of the new resonance in the Higgs final states, and we leave to future studies a detailed investigation of the LHC 13 TeV reach for these signatures.
We point out that the couplings of the scalar are chosen proportional to the quark masses, to respect minimal flavor violation. Since S is a singlet of the SM gauge groups, the new couplings to SM fermions should be considered as descending from dimension-five operators such as 1 Λ ySHQ L u R , which after electroweak symmetry breaking, generate the couplings in Eq. (3.1). The couplings with SM fermions in Eq. (3.1) have an extra suppression factor scaling, m q /Λ, for this reason. Without loss of generality, we have introduced a unique suppression scale Λ for the various operators, which are then weighted by different O(1) couplings (c G , c W , c B , g f ). For definiteness we will take Λ = 10 TeV throughout the paper.
As mentioned before, we will consider a combination of production mechanisms. For couplings of similar size gluon-fusion is typically the dominant production mechanism. However we will explore also regions of the parameter space where photon-fusion processes, which scale like c 2 γ ≡ (c B cos 2 θ W + c W sin 2 θ W ) 2 , are dominating. In the case of quark-initiated production, the dimensionless Yukawa couplings of S to the quarks are suppressed by a factor g f m q /Λ, as they descend from higher dimensional gauge invariant operators. Hence, the light quark contributions are suppressed by the small quark masses, while the heavy quark ones are suppressed by small proton PDF and by the smallness of g f m q /Λ (since we are considering O(1) couplings and Λ m q ). In particular, the top loop induced gluon fusion contribution to the S production cross section is negligible with respect to other production mechanisms in the range of couplings that we study.
In order to estimate the production cross section for the resonance S through the available processes we make use of several tools. We have implemented the model of Eq. (3.1) in FeynRules [34] and we simulate the production of S at the LHC using MadGraph5 aMC@NLO (MG5 aMC) [35] with the NN23LO1 [36] PDF set for gluon as well as for photon PDFs. For photon-fusion we consider both the inelastic-inelastic as well as the elastic-inelastic proton scattering processes.
Given the production cross section for the resonance, the cross sections in the various final states are determined by the branching ratios. Analytic formulas for the partial decay widths of S in the model (3.1) are listed in Appendix B.
In exploring the parameter space of the model, our strategy relies on solving the condition σ γγ = σ * γγ (see Eq. (2.1)) for the coupling c G . After fixing the couplings g X and g f to some representative value, we present the results in the (c B , c W ) plane. For definiteness we choose σ * γγ = 7 fb but our results are qualitatively robust under change of the required cross section. We will also display the c G contours necessary to fit the excess, and identify the most relevant production mechanism on each region of the parameter space.
3.1
The "vanilla" model:
We start our analysis by considering the simplest version of the model capable of explaining the diphoton excess, i.e. we set the couplings to dark matter and SM fermions to 0. The so called "vanilla" model is then parameterized only by three couplings: c W , c B and c G . We explore the parameter space in the range (c B , c W ) ∈ {−1, 1} and for every value of (c B , c W ) we solve the equation σ γγ = σ * γγ = 7 fb for c 2 G , imposing the conservative bound c G < 4π. The green dashed contours mark the boundary between regions where gluon fusion dominates and regions where photon fusion dominates instead. Photon fusion can be dominant only for large values of c B . The shape of the green dashed contour is determined by the competition between the BR(S → γγ) and the branching ratios for the other electroweak bosons (Zγ, ZZ, and W W ), which can deplete the signal in γγ.
The gray regions indicate regions where no solutions for c G resulting into σ γγ = σ * γγ exist. We can identify two distinct gray areas which have different physical interpretations. The almost vertical gray stripe close to the central axis (denoted "No-soln.") is located around the straight line c γ = 0. In this regime, the coupling to photons is very small, leading to the fact that no real value of c G can reproduce the signal strength σ * γγ . The argument can be understood analytically as follows. The coupling to photons is almost vanishing in the central grey region, leading to a gluon fusion dominated production mechanism. We can then write
where C gg is the gluon luminosity and s is the centre of mass energy. One can impose σ gg (pp → S → γγ) = σ * γγ and solve this equation for the total width of S obtaining
Given that the total width of the resonance is always larger or equal than the width into gluons, Γ tot ≥ Γ gg , we arrive to the inequality
which implies an absolute lower bound for the partial decay width into photons, necessary to accommodate the diphoton excess. Inserting the explicit expression for the γγ partial width (see Appendix B) we obtain the lines which delimit the vertical gray stripe:
The above argument does not depend on the other contributions to Γ tot and is therefore a generic result for the complete model of Eq. (3.1), independently of the value of g X and g f . We will indeed find the same gray stripe around c γ = 0 in all of the other scenarios considered in this paper. The other gray region, denoted with σ γγ > 7 fb in Fig. 1 , are instead characterized by excessively large rates in γγ, completely dominated by photon-fusion processes. The internal border of the region identifies the line where the production mechanism is 100% photon fusion, and c G = 0. Figure 1 does not show the 8 TeV bound on γγ final states. In the region where gluon fusion dominates, this bound is automatically satisfied since gluon luminosity increases by a factor of 4.7, and hence a σ γγ (13 TeV) = 7 fb corresponds to σ γγ (8 TeV) = 1.49 fb, just below the LHC 8 TeV bound. In the photon-fusion dominated regions the argument is less straightforward. Using the NN23LO1 PDF in MG5 the enhancement factor from 8 to 13 TeV in photon fusion is approximately 2 and hence the photon-fusion dominated regions would not be compatible with LHC 8 TeV constraints. Given the on-going discussion in the literature about the exact value of the enhancement factor [16] , it is still possible that photon-fusion is eventually a viable option [14] [15] [16] [17] . Thus, given the large uncertainties in such estimate, conservatively we do not impose any extra bound on such regions from the LHC 8 TeV γγ final state searches. An ATLAS study of the jet multiplicity distribution in the diphoton events seems to show that the data favors production processes with a small number of accompanying jets [2] , hence consistent with dominant photon-fusion. For all of the above reasons, we choose to simply denote the region with a dashed green line, and remain agnostic on whether it is viable or not.
We proceed to investigate the bounds which are imposed by the LHC 8 TeV searches of resonances in the ZZ, Zγ, and W W final states. The results for the 8 TeV limits are displayed in the second top panel of Fig. 1 , where as usual on every point of the plane we have solved for c G in order to get σ γγ (13 TeV) = 7 fb. The signal cross section in electroweak boson final states, once the signal yield in γγ is imposed, is only a function of the ratio c B /c W , which controls the relative size of the branching ratios. § As a consequence, the excluded region for each signature has the shape of a symmetric triangular angular slice in the (c B , c W ) plane. The strongest constraints come from the ZZ and Zγ final states. The W W limit instead provides inferior exclusion power for regions already bounded by the other searches. The white region is compatible with all existing LHC 8 TeV constraints and fits the 13 TeV diphoton excess.
The remaining panels of Fig. 1 show the LHC 13 TeV reach with increasing luminosity up to 3000 fb −1 . It is interesting to observe that the Zγ limit at 3.2 fb −1 is essentially equivalent to the 8 TeV bound, while the W W and the ZZ are slightly weaker. Increasing the luminosity reduces the allowed parameter regions, resulting in a tiny remaining portion at L = 3000 fb −1 .
The result suggests that, if the diphoton excess is confirmed, a complementary signature in weak boson final states is highly likely to be discovered in the coming years. Notice that the projection of the 8 TeV combined ZZ limit we obtained in Sec. 2 plays a crucial role in closing almost entirely the allowed parameter region at the high luminosity LHC.
The dark matter model:
Current ATLAS results favor the interpretation of the diphoton excess in terms of a resonance with a relatively large width (i.e. Γ/M ∼ 5%). The large width cannot be explained by decays to gluons and photons alone. Unitarity and the existing di-jet bounds exclude the coupling sizes necessary to generate the large width [37] , suggesting that a wide 750 GeV resonance would have to decay to other states as well. As no new charged particles with mass ∼ O(100 GeV) have been observed at the LHC, it is reasonable to consider that the large resonance width can be explained by decays to new invisible particles. Decays of the 750 GeV resonance to neutral states are conceptually very interesting, as non-SM massive particles with no electric charge are natural candidates for dark matter. Reference [7] [8] [9] [10] already considered scenarios in which a scalar S with mass of 750 GeV is allowed to decay to dark matter. A generic feature appears in most models which explain § Note, however, that what we are imposing is a signal cross section in γγ at 13 TeV. In the transition from the gluon-fusion to the photon-fusion regime, the corresponding 8 TeV γγ signal strength changes since the 8 TeV/13 TeV ratio of the gluon and photon luminosity is different. This effect is not visible in the shape of the regions excluded by the 8 TeV searches since effectively they always lie inside the region dominated by gluon-fusion. the large width of S via decays to dark matter: once the values for the decay width and dark matter relic density are fixed, the parameters of the dark sector (m X , g X ) are fully determined. For instance, in cases where dark matter is a Dirac fermion coupling to a pure scalar S, a large S width and dark matter relic density predict m X ≈ 300 GeV, g X ≈ 2. ¶ As an illustration of the LHC prospects to probe the class of the dark matter models for the 750 GeV resonance, here we will consider a benchmark point from Ref. [7] which is allowed by the current astro-physical and collider constraints:
The first panel of Fig. 2 shows in solid red contours the c G values necessary to explain the diphoton excess in the dark matter model. The required values of c G at a fixed (c B , c W ) are significantly higher compared to the vanilla scenario of the previous section. The reason for a larger c G stems from the fact that in our dark matter model Br(S → XX) ≈ 1, requiring larger c G couplings to compensate for a smaller Br(S → gg). Notice also that the photon fusion contribution to the S production becomes dominant only for c B , c W 2.
The remaining panels of Fig. 2 show the results of the current LHC exclusion of the dark matter model parameter space as well as the future prospects. The main difference compared to the vanilla benchmark model of the previous section is that allowing the 750 GeV scalar decays to dark matter introduces constraints from searches in channels with large missing energy, of which we consider MET+j. The W W , ZZ, and γZ results constrain the same regions of the parameter space as in the case of the vanilla model, while the MET+j channel typically provides the strongest limits, except in the corners of large (−c B , c W ). We find that current 8 TeV and 13 TeV results exclude c B values in the range of |c B | 0.2 for c W = 2, up to values of |c B | 1.7 for c W = −2. Future LHC results at 13 TeV will be able to exclude a majority of the parameter space with as little as 30 fb −1 of data, while with 300 fb −1 only the regions of parameter space in which photon-fusion dominates will not be ruled out by MET+j.
3.3
The "top-philic" model:
As a final concrete example of the diphoton models, we discuss the case in which the new scalar resonance also couples to SM fermions, i.e. we set g X = 0, with non-vanishing g f in Eq. (3.1). Among the various couplings to the SM fermions, the dominant coupling is to the top quark, justifying the title "top-philic". In particular, the coupling of S with the top quark ¶ The values of the fixed parameter point can change based on the assumptions on the spin and CP properties of dark matter and S.
Note that the coupling of S to the SM fermions will generate extra contributions to the effective operator between S and the gauge bosons (see for instance [38] for the case of a pseudoscalar coupled to gauge bosons and top quark). However, since we consider the same suppression scale Λ for all dimension five operators, and all couplings (cB, cW , cG) and g f of order O(1), such loop induced contributions will be typically subleading on the parameter space under study. No so ln. will induce a sizable decay width of S intott pairs (see Appendix B), which now constitutes the dominant decay mode of the scalar resonance. As a consequence, in order to obtain the desired signal strength in the γγ final state at 13 TeV, the production cross section for S should be quite sizeable compared to the vanilla model of Sec. 3.1. The top-philic model is then similar to the dark matter model studied before, where the dominant invisible decay has been now substituted by a dominant decay into top-antitop pairs. We show the results of our analysis in the case of the top-philic model in Fig. 3 for one representative value g f = 2π at the high luminosity LHC. Indeed, note that since the coupling to SM fermions are suppressed by a factor m q /Λ only large values of g f will induce interesting effects. The only final state which distinguishes the top-philic model from the vanilla scenario of Sec. 3.1 is tt. The brown shaded regions in Fig. 3 illustrate the regions of the parameter space the future tt resonance searches will be able to probe. The example we show in Fig. 3 suggests that the top-philic model can be probed with high luminosity LHC only in the regime of g f π.
In the large g f scenario, the addition of the tt channel to the usual electroweak boson searches essentially covers the entire parameter space that we considered with 3000 fb −1 of integrated luminosity at 13 TeV LHC. Note that the presence of a large coupling to the top quark, pushes the photon-fusion dominated region further to larger values of c B compared to the vanilla model of Sec. 3.1. The reason is that a large coupling to SM fermions implies a small Br(S → γγ), resulting in the need of larger production cross section to accommodate the excess, that can essentially be obtained only via gluon fusion in the range of c B under consideration.
Summary
In this paper we have explored the LHC 13 TeV reach for models capable of explaining the diphoton excess at 750 GeV. As illustrative example we have considered a simple model with a scalar resonance coupled to SM gauge bosons, a dark matter candidate, and the SM quarks. We took into account gluon-fusion as well as photon-fusion as production mechanisms at the LHC. The requirement of generating the correct cross section in γγ final state at 13 TeV imposes relations among the model parameters. We have studied the correlated signatures that can arise in such scenarios, including final states with di-bosons, jet plus missing energy, and tt resonance searches, in order to further constrain the parameter space of the model and establish the exclusion reach of the LHC 13 TeV.
Our findings indicate that correlated LHC searches can exclude most of the relevant parameter space of a broad class of diphoton models during the second run of the LHC. The "vanilla" model (where the scalar resonance is coupled only to SM gauge bosons with dimension five operators) can be almost completely covered by associated signals in di-bosons with 3000 fb −1 of integrated luminosity. Concerning models where S is a portal to a dark sector, we show that the mono-jet searches are able to corner the model with as little as 30 fb −1 . Finally, for models where the scalar resonance couples to SM quarks, the signature in the tt final state could provide a handle on distinguishing such scenarios from the "vanilla" model. However, in order for the signal in tt to be accessible, sizeable couplings of quarks to S are required, as well as integrated luminosity of at least 300 fb −1 .
It would be interesting to extend our work to more exotic scenarios that can explain the diphoton excess, including e.g. non-resonant production, collimated photons, and models with non trivial coupling with the Higgs boson. The procedure we have adopted in this paper to compare with extrapolated LHC 13 TeV limits could be extended also to such scenarios. If the di-photon excess is confirmed, it becomes of utmost importance to explore the full set of correlated signatures expected to appear in the ongoing run of the LHC.
Note added: During the final stages of this work, Refs. [39] and [40] appeared. Both references studied the LHC prospects for exclusion of a simplified diphoton resonance model analogous to the scenario we study in Section 3.1, and obtained results which are in agreement with ours. Compared to Refs. [39] and [40] , our analysis in Section 3.1 also discusses the production mechanism for the resonance, including gluon and photon fusion.
A Limit extrapolation
In order to project the LHC 8 TeV limits to 13 TeV, we employ a simple extrapolation algorithm, similar to Refs. [41, 42] . We begin with the assumption that the 8 TeV and 13 TeV resonance searches are characterized by acceptances and event selection efficiencies which are roughly equal.
The CL s test statistics employed by the experimental collaborations to determine the 95% C.L. upper bounds on the cross section times branching ratio is a constant at different luminosities and center of mass energies:
where S max is the upper bound on the number of signal events and B is the expected or observed background, s is the center of mass energy, L the integrated luminosity, and M the invariant mass bin.
Assuming that the background is dominated by a single initial state production mode (which is a decent approximation in most cases) we can write at any given L and M :
where r ij is the parton luminosity ratio and i, j stand for quarks and gluons. Inserting this in Eq. (A.1)
where in the last line we have used the fact the the CL s is a constant, see Eq. (A.1).
In the limit of a large number of events the event ditribution becomes well approximated by a Gaussian, so that the equality between the second-to-last and last line of Eq. (A.3) can be written as
Moreover, because of our initial assumption that the efficiencies and acceptances are the same, S max (s, L, M ) scales as L × σ max (s, M ), so that one solves Eq. (A.4) to get
Equation (A.5) represents our "master formula" for limit extrapolations. The parton luminosity ratios r ij (M, s) have been previously calculated in Ref. [43] . For completeness, here we give a numerical polynomial fit to the parton luminosity ratios for gg, (qq + qq) and qg initial states, valid in the range of M = 50 − 4000 GeV:
where x ≡ M/ GeV. We find that when used to extrapolate the expected 8 TeV limits, the extrapolation formula of Eq. (A.5) gives results which are within ∼ 20% from the true expected limits at 13 TeV. In order to validate the procedure, we have compared the results using Eq. (A.5) to a number of already public ATLAS results from 13 TeV. Table 2 shows the results. The largest showing the position of the excluded region edges if the limit on the cross section was ±20% different. The gray shaded regions represent the parameter space where either no-viable solution for c G can be found to accommodate the excess or the predicted diphoton cross section at 13 TeV is too big.
error in our limit extrapolation is ∼ 28 − 29%, in the case of the γγ and Zγ searches. This is mostly due to the fact that ATLAS does not provide for those searches the efficiencies for all bins, and a knowledge of the latter is required to extrapolate the cross section bound for the fiducial cross section bound. The average error is about 10%. The uncertainty in the limit extrapolation does not strongly affect our results on the parameter space exclusion. Figure 4 illustrates the result in case of the W W cross section, extrapolated from the 8 TeV limit to 13 TeV with L = 3000 fb −1 . The blue, shaded region shows the excluded parameter space, while the dashed regions show where the edge of the exclusion would lie if the maximal cross section was ±20% different. Although Eq. (A.5) gives reasonably accurate results in many cases, it is important to point out where it fails. If the event reconstruction and selection efficiencies and acceptances differ significantly between 8 TeV and 13 TeV, Eq. (A.5) can result in errors larger than 20%. The approximation is also not accurate when the 8 TeV expected background is a number of the order of a few units, so that the event distribution is not well approximated by a Gaussian, but rather presents a longer tail.
Another scenario in which the extrapolation of Eq. (A.5) fails are non-resonance searches (e.g. MET+j) or searches for broad resonances. In cases where the signal cross section is not distributed mostly in a narrow range of invariant masses (such as in the case of a narrow resonance), it is inappropriate to use a parton luminosity ratio evaluated at a single M . Instead, an integral value over the parton luminosities is more appropriate, as the signal cross F.S.
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B Analytical form of the decay widths
In this appendix we report the analytic formulas for the partial decay widths of the resonance. The following expressions were used for the analysis discussed in the main body of the paper. 
